Abundant filamentous tau inclusions in oligodendrocytes (OLGs) are hallmarks of neurodegenerative tauopathies, including sporadic corticobasal degeneration and hereditary frontotemporal dementia with parkinsonism linked to chromosome 17 (FTDP-17). However, mechanisms of neurodegeneration in these tauopathies are unclear in part because of the lack of animal models for experimental analysis. We address this by generating transgenic (Tg) mice expressing human tau exclusively in OLGs using the 2Ј,3Ј-cyclic nucleotide 3Ј-phosphodiesterase promoter. Filamentous OLG tau inclusions developed in these Tg mice as a result of human tau expression in OLGs, especially those expressing the FTDP-17 human P301L mutant tau. Notably, structural disruption of myelin and axons preceded the emergence of thioflavin-S positive tau inclusions in OLGs, but impairments in axonal transport occurred even earlier, whereas motor deficits developed subsequently, especially in Tg mice with the highest tau expression levels. These data suggest that the accumulation of tau in OLG cause neurodegeneration, and we infer they do so by disrupting axonal transport. We suggest that similar defects may also occur in sporadic and hereditary human tauopathies with OLG tau pathologies.
Introduction
A broad array of evidence implicates CNS oligodendrocytes (OLGs) in regulating the growth and maintenance of axons in the CNS (for review, see Pfeiffer et al., 1993) . Axons are ensheathed and myelinated by OLGs, thereby enabling communication between axons and myelin as well as promoting axonal integrity and functions (Lemke, 1988) . Thus, abnormal myelination during development and demyelination in adults are linked mechanistically to diverse CNS disorders (for review, see Readhead and Hood, 1990; Bjartmar et al., 1999) . In these pathological circumstances, alterations of axonal caliber and axonal transport rates coupled with deficiencies of myelin morphology are observed, whereas axonal disruption without visible disassembly of myelin structure also is seen, and presumably this is related to abnormal myelin components (Griffiths et al., 1998; Brady et al., 1999; Lappe-Siefke et al., 2003) . Although the available data imply that several different regulatory signals derived from OLGs affect levels and posttranslational modifications of the axonal cytoskeletal constituents, including microtubules (MTs) and neurofilaments (NFs), the molecular mechanisms by which these signals interact with axonal elements have yet to be clarified.
Disruption of axon-OLG relationships may not be confined to disorders of myelination because it is plausible this could result from CNS degenerative diseases characterized primarily by accumulations of filamentous protein inclusions in OLGs. For example, fibrillary aggregates in OLGs known as glial cytoplasmic inclusions (GCIs) are hallmark lesions of multiple system atrophy (MSA), and GCIs are composed of ␣-synuclein as well as tau but to a lesser extent (Murayama et al., 1992; Tu et al., 1998 ) (for review, see Richter-Landsberg, 2000) . Other filamentous OLG inclusions known as coiled bodies are primarily composed of hyperphosphorylated tau (Chin and Goldman, 1996; Dickson et al., 1996; Forman et al., 2002) , and these inclusions are characteristic of several frontotemporal dementias (FTDs) such as sporadic progressive supranuclear palsy (PSP), Pick's disease, and corticobasal degeneration (CBD), as well as hereditary FTD with parkinsonism linked to chromosome 17 (FTDP-17) (for review, see Komori, 1999; Forman et al., 2000; Richter-Landsberg, 2000) . Although GCIs are associated with myelin abnormalities in MSA (Matsuo et al., 1998) , altered myelination is not linked to accumulations of coiled bodies in most glial tauopathies despite widespread evidence of neurodegeneration. Hence, it remains unclear how tau inclusions in OLGs lead to neurodegeneration in these tauopathies.
Tau, an MT-associated protein, promotes the stabilization of MTs and polymerization of tubulins into MTs (for review, see Brandt, 1996; Higuchi et al., 2002b) . Localization of tau to axons implies roles for tau in the organization of axonal cytoskeletons, whereas tau in cultured OLGs participates in the modulation of MT stability (LoPresti et al., 1995) (for review, see RichterLandsberg, 2000) . Filamentous tau aggregates in neurons are pathological hallmarks of Alzheimer's disease, in addition to most FTDs and other neurodegenerative disorders collectively known as tauopathies. Discovery of pathogenic tau gene mutations in FTDP-17 provided compelling evidence that abnormalities of tau alone are sufficient to cause neurodegenerative disease (for review, see Forman et al., 2000; Lee et al., 2001; Higuchi et al., 2002b) . Mechanistic links between formation of neuronal tau inclusions and neurodegeneration are supported by studies of mouse models of neuronal tau pathologies (Ishihara et al., 1999; Lewis et al., 2000; Allen et al., 2002; Tanemura et al., 2002; Zhang et al., 2004) . Hence, it is plausible that accumulations of OLG tau inclusions play a mechanistic role in human neurodegenerative diseases such as FTDs with OLG tau pathologies, and this notion is supported by our recent studies of the neurodegenerative phenotype seen in tau transgenic (Tg) mice that expressed human tau in both neurons and glia (Higuchi et al., 2002a ). Thus, we tested the hypothesis that OLG tau pathologies contribute to neurodegeneration in FTDs. We reported here on newly generated tau Tg mice engineered to express human mutant and wild-type (WT) tau exclusively in OLGs that developed an FTD-like neurodegenerative phenotype with OLG tau pathologies. Notably, these studies imply that OLG tau inclusions cause neurodegeneration by disrupting axonal transport in our tau Tg mice and in human tauopathies with OLG tau pathologies.
Materials and Methods
Generation of Tg mice overexpressing human tau in OLGs. Human T34 (i.e., the tau isoform with four MT binding repeats and one N-terminal insert) cloned into PRK172 vector was cut out with NdeI and EcoRI and inserted into the EcoRV site of SKϩ vector to generate a stop codon just upstream of the T34 sequence. Polyadenylation signal was created downstream of the T34 sequence by mutagenesis (Promega, Madison, WI). The T34/SKϩ was then cleaved by EcoRI and ClaI and cloned into the HindIII site in exon 1 of the mouse 2Ј,3Ј-cyclic nucleotide 3Ј-phosphodiesterase (CNP) gene (Gravel et al., 1998) . Expression of undesirable protein driven by the promoter 2 (P2) was abolished by the stop codon upstream of the T34 sequence. FTDP-17 P301L (PL) mutant tau was then generated in the T34 cDNA (Promega). The DNAs containing the murine CNP promoter, the human WT (hWT) or PL mutant tau cDNA and the polyadenylation signal ( Fig. 1 A) were linearized and microinjected into fertilized C57BL/C3H mouse eggs, which were subsequently reimplanted into pseudopregnant females to generate potential founder mice bearing either hWT or PL mutant T34. Samples of genomic DNA were isolated from mouse tails using a Puregene DNA isolation kit (Gentra Systems, Minneapolis, MN) and screened by Southern blot analysis with a 32 P-labeled fragment of NotI/EcoRI-cleaved T34/PRK172.
Biochemical assays. Expression of Tg tau in the brain and spinal cord was measured and compared among different lines of non-Tg or WT and Tg mice by an immunoblot analysis as described previously (Higuchi et al., 2002a) . Briefly, CNS tissues were dissected after the mice were lethally anesthetized according to protocols approved by the University of Pennsylvania. The samples were homogenized in 2 ml/gm ice-cold high-salt reassembly buffer (HS) [0.1 M MES, 1 mM EGTA, 0.5 mM MgSO 4 , 0.75 M NaCl, 0.02 M NaF, 1 mM PMSF, and 0.1% protease inhibitor mixture (100 g/ml each of pepstatin A, leupeptin, N-tosyl-L-phenylalanyl chloromethyl ketone, N-tosyl-lisine chloromethyl ketone, soybean trypsin inhibitor, and 100 mM EDTA), pH 7.0], and centrifuged at 100,000 ϫ g for 40 min at 4°C in a Beckman Coulter (Fullerton, CA) TL-100 ultracentrifuge. The supernatants were boiled for 5 min, chilled on ice for 5 min, and recentrifuged at 10,000 ϫ g for 20 min at 4°C to eliminate heat-labile proteins. Protein concentration was measured for the final supernatants with a BCA assay kit (Pierce, Rockford, IL). Equal amounts (40 g) of sample were resolved on 7.5% SDS-PAGE gels and transferred onto nitrocellulose membranes, which were incubated with anti-tau antibodies, followed by To analyze solubility of CNS tau proteins, tissues were also collected from the non-Tg or WT and Tg mice at the ages of 3, 6, 9, and 12 months as described above, and HS-insoluble pellets were rehomogenized with 1 ml/gm radioimmunoprecipitation assay (RIPA) buffer [50 mM Tris, 150 mM NaCl, 0.1% SDS, 0.5% sodium deoxycholate, 1% NP-40, and 5 mM EDTA, pH 8.0] and centrifuged at 100,000 ϫ g for 40 min at 4°C. Unlike previous studies (Ishihara et al., 1999; Higuchi et al., 2002a) , removal of myelin and associated lipids using sucrose buffer was not performed because Tg tau was associated with these components. The resulting pellets were extracted with 70% formic acid (FA) to recover insoluble protein aggregates, and quantitative immunoblotting was performed with anti-tau antibodies and 125 I-labeled secondary antibodies. Finally, myelin proteins were analyzed by extracting myelin from homogenized brain samples in 0.32 M sucrose as reported previously (Norton and Poduslo, 1973) .
Histochemical and immunohistochemical analyses. Histopathological features of the Tg mice were studied by analyzing 3-, 6-, 9-, 12-, and 15-month-old WT and Tg mice as published previously (Higuchi et al., 2002a) . Briefly, mice were deeply anesthetized and transcardially perfused with 15 ml of PBS, followed by 15 ml of either 70% ethanol in isotonic saline or 4% paraformaldehyde in phosphate buffer (PB). Representative 6-m-thick paraffin sections of the brains and spinal cords were immunostained using standard streptavidin-biotin-peroxidase techniques. Additionally, the sections were histochemically analyzed by Gallyas silver impregnation (Gallyas, 1971 ) and thioflavin-S staining to visualize mature pathological filaments. Furthermore, myelin was semiquantitatively analyzed by performing Luxol fast blue staining of paraffin sections. To monitor alterations in axons and their myelin sheaths, mice were serially perfused (Li et al., 1997; Higuchi et al., 2002a) with PBS, 3% paraformaldehyde in PB (pH 7.5), 3% paraformaldehyde in sodium borate buffer, pH 9.0, and 10% sucrose in PB, and the CNS tissues were cryoprotected in 25% sucrose/10% glycerol in PB. Doubleimmunofluorescence staining was then performed on 15-m-thick frozen sections to localize axonal cytoskeletal and myelin constituents.
Association of OLG tau pathology with myelin degeneration also was investigated in human PSP and CBD brain samples that were serially fixed with 3% paraformaldehyde in PB and 3% paraformaldehyde in sodium borate buffer and then cryoprotected with sucrose/glycerol in PB to generate 15-m-thick frozen sections for immunofluorescence staining to visualize myelin structures and tau lesions. Furthermore, paraffin sections from FTD patients with abundant OLG tau inclusions were stained with anti-tau antibodies and Luxol fast blue to examine the effects of OLG tau pathology on myelin structures.
Electron microscopic study. Degeneration of axons and myelin sheaths were investigated at an ultrastructural level by transmission EM (TEM) in non-Tg and Tg mice at 6, 12, 15, and 18 months of age as described previously (Ishihara et al., 1999; Higuchi et al., 2002a) . After being deeply anesthetized, mice were serially perfused with 10 ml of 0.05% glutaraldehyde/0.5% paraformaldehyde in 0.1 M cacodylate buffer, pH 7.4, and 50 ml of 2% glutaraldehyde/2% paraformaldehyde in 0.1 M cacodylate buffer. The brains and spinal cords were dissected and postfixed in 2% osmium tetroxide for 60 min at 4°C. The tissue samples were dehydrated with graded alcohol and propylene oxide and embedded in Epon-812, which was then polymerized for 72 h at 60°C. Sections, 65-nm-thick, were generated and mounted on 200 mesh copper grids. The sections were subsequently stained with 1% uranyl acetate in 50% ethanol and bismuth subnitrate and examined with a JEM-1010 EM (Jeol, Peabody, MA) at 80 kV.
Additionally, preembedding immuno-EM was performed for the mice to characterize cytoskeletal arrangements/derangements and tau aggregates in OLGs. For perfusing the mice, 10 ml of 0.05% glutaldehyde/0.5% paraformaldehyde in 0.1 M cacodylate buffer and 50 ml of 0.2% glutaldehyde/2% paraformaldehyde in 0.1 M cacodylate buffer were sequentially used. The brain and spinal cord tissues were postfixed in 4% paraformaldehyde/0.2% glutaldehyde/0.2% picric acid in 0.1 M cacodylate buffer overnight. Vibratome sections, 50-m-thick, were generated, quenched with 0.1% sodium borohydride in Tris-buffered saline for 10 min, and immersed in 20% ethanol for 10 min. The sections were treated with blocking solution (5% donor horse serum/0.1% cold-water fish skin gelatin/1% chicken egg albumin in PBS) for 60 min and incubated with anti-tau or anti-␣-tubulin antibody in reaction solution (0.1% bovine serum albumin in PBS) at 4°C overnight. The immunostaining was performed using the streptavidin-biotin-peroxidase method with diaminobenzidine and enhanced by silver-gold intensification (TeclemariamMesbah et al., 1997) . The sections were then processed and examined as described above for TEM.
Measurement of axonal transport. The impact of OLG tau accumulations on axonal functions was further examined by measuring fast and slow axonal transport in optic nerves using methods similar to those described recently after first subjecting optic nerves of 6-, 9-, and 12-month-old non-Tg and Tg mice to immunohistochemistry, immunoblotting, and TEM as described above. For quantitative immunoblotting, mice were deeply anesthetized, and the optic nerves were dissected, incubated with BUST buffer [0.5% SDS, 8 M urea, 2% b-mercaptoethanol, 0.01% protease inhibitor mixture, and 0.1 M Tris HCl, pH 6.8] at room temperature overnight, homogenized, and centrifuged at 100,000 ϫ g for 40 min at room temperature, followed by the SDS-PAGE using the supernatants, and quantitative immunoblot analysis was performed with anti-tau, anti-␣-tubulin, and anti-NF antibodies and 125 I-labeled secondary antibodies. Based on data from these studies, we then monitored rates of axonal transport in other cohorts of older Tg mice with myelin and axonal degeneration, younger Tg mice without pronounced optic nerve pathology, and age-matched non-Tg or WT mice that were subjected to bilateral intraocular injections of 0.5 mCi of 35 S-methionine (ICN Biochemicals, Costa Mesa, CA) as described previously (Brady, 1985; Kirkpatrick et al., 2001 ). Groups of mice were killed at 3 h and 14 d after injection to analyze the fast and slow axonal transport rates, respectively. The optic nerves were removed, cut into seven consecutive 1-mm-long segments, incubated with BUST buffer at room temperature overnight, and centrifuged at 100,000 ϫ g for 40 min at room temperature. Radioactively labeled proteins in the supernatants were resolved on SDS-PAGE gels and transferred onto nitrocellulose membranes, and radioactive bands were quantified with a PhosphorImager (Molecular Dynamics/Amersham, Piscataway, NJ).
Phenotypic assessments. Body weights of non-Tg or WT and Tg mice at 3, 6, 9, and 12 months of age were measured and statistically compared, as was motor function using the tail suspension test as described previously (Ishihara et al., 1999; Higuchi et al., 2002a) .
Antibodies. The anti-tau antibodies used here included the following: mouse monoclonal antibody (mAb) T14 specific for human tau (1:500 dilution) (Kosik et al., 1988) ; rabbit polyclonal antibody 17026 raised against the recombinant protein of the longest human tau isoform (1: 2000 dilution) (Ishihara et al., 1999) ; mAb T46 specific for the C terminus of human tau (1:500 dilution) (Mawal-Dewan et al., 1994) ; mAb T49 specific for mouse tau (1:500 dilution) (Mawal-Dewan et al., 1994) ; mAb PHF1 (1:500 dilution) (Greenberg and Davies, 1990) , mAb PHF6 (1:500 dilution) (Hoffmann et al., 1997) , mAb AT8 (1:2000 dilution) (Goedert et al., 1994) , mAb AT270 (1:1000 dilution) (Goedert et al., 1994) , mAb 12E8 (1:1000 dilution) (Seubert et al., 1995) , and rabbit polyclonal antibody T3P (1:250 dilution) (Lee et al., 1991) specific for phosphorylated tau; and mAb T1 specific for nonphosphorylated tau (1:500 dilution) (Binder et al., 1985) . Other antibodies to NF triplet proteins also were used here, including the following: mAb RmdO9 specific for nonphosphorylated heavy NF (NFH) (1:2000 dilution) (Carden et al., 1987) ; mAb RMO24 to phosphorylated NFH (1:2000 dilution) (Carden et al., 1987) ; mAb RMO189 specific for a phosphorylation-independent epitope in the mid-size NF (NFM) subunit (1:2000 dilution) (Carden et al., 1987) ; and rabbit polyclonal antibody specific for the light NF (NFL) subunit (1:2000 dilution) (Tu et al., 1995) . Mouse mAb DM1A against ␣-tubulin was also used (1:1000 dilution; Sigma, St. Louis, MO). The antibodies to myelin components used here included the following: a mouse mAb (1:1000 dilution; Chemicon, Temecula, CA) and rabbit polyclonal antibody (1:1000 dilution; provided by Dr. F. Arthur McMorris, The Wistar Institute, Philadelphia, PA) against CNP; a mouse mAb (1:1000 dilution; Chemicon) and rabbit polyclonal antibody (1:1000 dilution; provided by Dr. F. Arthur McMorris) to myelin basic protein (MBP). Finally, the kinesin heavy chain was detected using a mouse mAb (1:1000 dilution; Chemicon).
Results

Human tau proteins are expressed in mouse CNS OLGs
Three different lines of Tg mice stably expressing hWT (lines 34, 39, and 7) or PL (lines 6, 12, and 2) tau at a low, medium, and high levels, respectively, were established, as shown in Figure 1 B. Expression levels of human tau in hWT lines 34, 39, and 7 were comparable with those in PL lines 6, 12, and 2, respectively. Mice that were heterozygous and homozygous for the transgene were generated in each line, and the homozygotes were used for studies described below. Significantly, no overt expression of Tg human tau in the systemic organs, including the heart, lung, liver, and kidney, were detected (data not shown), indicating that the transgene expression driven by the CNP promoter was confined to the nervous system, consistent with previous findings (Gravel et al., 1998) .
Expression of hWT and PL T34 in the CNS was visualized by tau immunohistochemistry. All tau Tg lines showed strong tau immunostaining in the cytoplasm and processes of cells with morphological features of OLGs (Fig. 1C,D) , although the intensity of tau immunolabeling was approximately proportional to the tau expression levels. Localization of the Tg human tau to OLGs was confirmed by double-immunofluorescence staining with anti-tau and anti-CNP antibodies, and nearly 100% of CNPimmunoreactive cells were tau positive throughout the CNS (Fig.  1 E, G) . The expression of human T34 in Tg mice became detectable by immunoblotting at 1 week of age and further increased during the following 3 weeks (data not shown), consistent with the developmental regulation of the CNP promoter (Scherer et al., 1994; Gravel et al., 1998) . Figure 2 A illustrates the levels of hWT and PL tau proteins in Tg mice at different ages, and transgenic tau proteins in the HS-soluble fraction remained at a stable level (Fig. 2 A) . Because the immunoblot analyses for brain and spinal cord were performed under the same conditions (including protein loading and exposure time), these results indicate that the expression levels of transgenic human tau in brain is comparable with those in spinal cord. In contrast to the soluble fraction, there was a progressive increase in the amounts of RIPA-and FA-extractable tau proteins in PL Tg mice, whereas the solubility of human tau in hWT Tg mice remained unchanged with aging (Fig. 2 A) . Although myelin-associated normal tau in OLGs is recovered primarily in the RIPAsoluble fraction, the age-dependent increase of the RIPA-extractable human tau indicates progressive accumulation of myelin-associated tau. Furthermore, a progressive formation of pathological tau aggregates is suggested by the agedependent increases in RIPA-extractable and FA-extractable tau in the PL mice in association with increased tau phosphorylation in these fractions (data not shown). Contemporaneously, mice homozygous for PL tau (lines 12 and 2) developed tau-positive OLG inclusions that also were Gallyas sliver and thioflavin-S positive at 15 months of age (Fig.  2 B-D) . Thus, these tau aggregates exhibit filamentous properties similar to OLG tau pathologies in PSP, CBD, and FTDP-17 (Fig.  2 F) . In contrast, none of the hWT Tg mice showed Gallyasand/or thioflavin-S-positive OLG tau inclusions at any age, nor did line 6 PL Tg mice, which expressed the lowest levels of PL tau (data not shown).
PL tau in mouse CNS OLGs becomes insoluble and filamentous with aging
OLG alterations emerge at early stages of tau pathology Luxol fast blue staining revealed progressive loss of myelin in the posterior column of PL tau Tg spinal cord beginning at 9 months of age ( Fig. 3A-H ) , whereas hWT tau Tg and non-Tg or WT mice did not show similar change. Myelin degeneration with similar severity also was observed in the basal ganglia of PL Tg mice (data not shown). Moreover, myelin loss in these CNS areas of the PL Tg mice also was evident by immunohistochemistry using antibodies to CNP and MBP (data not shown).
Double-immunofluorescence staining of frozen spinal cord sections from PL Tg mice using anti-NFH and anti-CNP antibodies revealed disrupted myelin accompanied by axonal degeneration at 6 months of age (Fig. 3I-L) , suggesting that PL tau accumulation in OLGs resulted in the loss of NFs in some myelinated axons. Additionally, impaired vesicular transport in OLGs attributable to the accumulation of PL tau was suggested by abnormal immunolabeling with anti-kinesin antibody (Fig.  3M-R) because kinesin in tau-positive OLGs of the PL Tg mice was restricted primarily to OLG cell bodies even at 9 months of age, which suggests that functional and structural alterations in OLGs precedes the emergence of fibrillary tau lesions.
When the composition of the myelin constituents was quantitatively analyzed by Coomassie blue staining of SDS-PAGE gels of myelin fractions from the whole brain of PL Tg mice (Fig. 3S) , it was evident that CNP and MBP in 12-month-old PL Tg mice (line 2 and line 12) were reduced by ϳ30% relative to the non-Tg or WT mice, and this suggests that the accumulation of PL tau in OLGs leads to a reduction of these myelin proteins.
Finally, loss of CNP-immunoreactive oligodendrocytes in the spinal cord of PL Tg mice (line 12) was observed in an agedependent manner. The number of oligodendrocytes was significantly reduced in PL Tg mice at 12 months of age when compared with WT and hWT Tg mice ( p Ͻ 0.05 by ANOVA; data not shown). Because Gallyas-positive fibrillary tau aggregates emerge in the spinal cord of PL Tg mice at the age of 15 months, this finding supports the view that degenerative changes in OLGs precedes formation of mature tau fibrils.
Ultrastructural alterations in myelin are associated with accumulations of abnormal tau filaments in OLGs
TEM demonstrated myelin degeneration associated with an axonopathy in the spinal cord of PL Tg mice by 12 months of age as exemplified by disruption and fragmentation of myelin lamellae that were devoid of an ensheathed axon (Fig. 4 A-C) . Furthermore, immuno-EM of older PL Tg mice revealed accumulations of tauimmunoreactive filaments in the processes of OLGs as well as between disrupted myelin lamellae, and these ϳ15 nm in diameter filaments were not immunolabeled with anti-␣-tubulin antibodies, nor were NFs in adjacent axons labeled by anti-tau antibodies (Fig. 4 D-F ) . These tau-positive filamentous OLG aggregates were observed exclusively in the old PL Tg mice but not in non-Tg or hWT Tg mice, consistent with the other data mentioned above.
Axonal transport is impaired before axonal degeneration in the optic nerves of PL Tg mice
Similar to PL tau Tg mouse brain and spinal cord, by 12 months of age, PL tau Tg mouse optic nerves showed evidence of OLG tau accumulations with attenuation of myelin (Fig. 5A-D) , and biochemical analysis demonstrated that CNP and MBP were decreased by ϳ10 and ϳ35% in line 12 PL Tg mice at 4 and 12 months, respectively, relative to non-Tg or WT mice (data not shown). These mice also exhibited losses of axonal cytoskeletal components, including the NFH, NFM (Fig. 5 E, G) , and middle molecular weight or so-called "big" tau (Fig. 5 F, G) beginning at 4 months of age. There also were less prominent reductions in NFL and ␣-tubulin in 12-month-old PL Tg (lines 2 and 12) mice compared with non-TG or WT mice (Fig. 5 E, G) . In contrast, low molecular weight species of endogenous tau isoforms remained at the same levels in the PL Tg and non-Tg or WT mice (Fig. 5F ). 
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Disrupted myelin accompanies axonal damage in the posterior column of the spinal cord. Double-immunofluorescence staining of a frozen section from 6-month-old PL Tg mouse using anti-CNP (I ) and anti-NFH (RMO24) (J ) antibodies demonstrates disorganization of myelin and atrophy or loss of axons as indicated by arrows on a merged image (K; counterstained with DAPI), whereas a WT non-Tg mouse (L) at the same age does not show these pathological alterations. M-R, Impaired kinesin transport in spinal cord OLGs of PL Tg mouse at 9 months of age. Photomicrographs of doubly stained OLGs of an age-matched WT mouse with channels for kinesin (M ), CNP (N ), and merged images (O; counterstained with DAPI) depict normal physiological distribution of kinesin that ranges from the cell body to distal processes (arrow in M ) in a CNP-positive OLG. Arrowhead in M indicates kinesin in the axon. Unlike WT mice, PL Tg mouse showed reduced kinesin staining in distal processes of OLGs (arrow in P), which were filled with tau immunoreactivity (Q). Multichannel photomicrograph demonstrates disrupted kinesin staining in tau-positive OLGs (R; counterstained with DAPI). S, Loss of myelin components in the brains of 12-month-old PL Tg mice visualized by Coomassie blue. Myelin samples extracted from line 2 and line 12 mice contained significantly less myelin constituents, including MBP (arrowheads) and CNP (arrows), than age-matched WT mouse-derived sample. Other minor bands are also less intense in the PL Tg mice than those in the WT mouse, implying uniform reduction of myelin proteins as a result of OLG tau pathology. Scale bars: A-D, 200 m; E-H, 100 m; I-L, P-R, 20 m.
In the PL tau Tg mice, no prominent pathological changes were found by TEM at 6 months of age (Fig. 6 A) , whereas disruption of myelin layers, axonal atrophy and loss, and expansion of interstitial space were notable at 9 months (Fig. 6 B, C) . In contrast to the PL Tg mice, the non-Tg or WT and hWT tau Tg mice developed neither marked myelin degeneration nor axonopathy at 6 and 9 months of age (Fig. 6 D, F ) . When the rates of fast and slow axonal transport were measured in the optic nerves of 6-and 9-month-old-non-TG or WT and PL tau Tg mice, 6-month-old PL tau Tg mice exhibited significant reductions of fast axonal transport relative to age-matched non-Tg WT mice (Fig. 6G,I ), and this fast axonal transport deficit became more prominent in 9-month-old PL tau Tg mice (Fig. 6 J) . Additionally, there also was evidence of a slow axonal transport deficit in 6-month-old PL tau Tg mice as exemplified by retarded translocation of tubulin and NFs relative to age-matched WT non-TG mice (Fig. 6 H, K,L) . Together with the ultrastructural data, these findings indicate that impaired axonal function precedes the onset of overt axonal degeneration in optic nerves after the accumulation of OLG tau aggregates.
Weight loss and progressive motor impairments are augmented in PL tau Tg relative to hWT tau Tg mice Tg mice expressing PL tau at medium and high levels (lines 12 and 2) exhibited progressive weight loss relative to WT non-Tg and hWT tau Tg mice at 12 months of age (Fig. 7A) . Presumably, this weight loss is a consequence of neurodegeneration and neurogenic muscle atrophy, which was observed by histochemical examination in hindlimb muscles of 12-month-old PL tau Tg mice (data not shown), which has be observed in other tau Tg mice with a prominent axonopathy (Probst et al., 2000) . These findings also are consistent with the emergence of motor weakness in the PL tau Tg mice as evidenced by a high frequency of limb twitching in these mice relative to the hWT tau Tg mice (Fig.  7 B, C) as well as the non-TG or WT mice (data not shown).
Myelin is altered in association with OLG tau inclusions in human FTD brains similar to PL tau Tg mice
To assess the verisimilitude of the neurodegenerative phenotype in the PL tau Tg mice with authentic human tauopathies, we compared the myelin disruption caused by OLG tau pathology in the Tg mice with that seen in several PSP and CBD brains by histochemistry and immunohistochemistry. These studies revealed focal alterations in myelin sheaths adjacent to OLGs with fibrillary tau inclusions in PSP and CBD brains, but disruption of myelin was not prominent (Fig. 8 A) except when there were numerous OLG tau inclusions (Fig. 8 B) , which was associated with extensive myelin loss (Fig. 8C) . Thus, the myelin abnormalities in the PL tau Tg mice recapitulate similar pathologies in authentic human FTD tauopathies.
Discussion
Our studies of CNP tau Tg mice demonstrate for the first time that OLG tau accumulations lead to a primary oligodendrocytic as well as a secondary neuronal degenerative phenotype. Specifically, we demonstrated that impairments in axonal transport precede overt axonal degeneration, and this appears to correlate with early stages in the accumulation of OLG tau aggregates. At later time points, myelin disruption, formation of Gallyas-positive tau inclusions, overt axonal degeneration, and motor impairments occur in this mouse model in an agedependent manner. Thus, our data support a significant contribution of oligodendrocytic degeneration to causing neurodegeneration in human FTD tauopathies.
Although many Tg mouse models of tauopathies have been reported (including the T␣-1 tau Tg mice that produce both neuronal and glial tau pathologies), these mice did not allow a dissection of the independent contributions of oligodendrocytic versus astrocytic and neuronal tau pathology to neuronal dysfunction and degeneration (Higuchi et al., 2002a) . This is attributable to the use of heterologous promoters to drive tau overexpression simultaneously in neurons and glia of mouse models of tauopathies, resulting in the inability to attribute the underlying degeneration to neuronal, astrocytic, or OLG tau lesions (Higuchi et al., 2002a; Lin et al., 2003) . Significantly, the exclusive overexpression of tau in OLGs driven by the CNP promoter here allowed us to dissect out the primary role of OLG tau accumulations in the onset of functional deficits and morphological alterations in OLGs versus neurons in the CNS.
Our study also indicates that tau aggregation into thioflavin-S-positive amyloids leads to degeneration of OLGs and axons followed by neuromuscular impairments, and we believe that FTDP-17 tau gene mutations and the expression levels of Tg tau are the major determinants responsible for this. Indeed, the nonmutant hWT Tg mice exhibited no Gallyas-positive tau inclu- D) . High-power view shows intense labeling of well oriented filaments with anti-tau antibody (E). Tau-immunolabeled filaments were also localized to OLG processes (arrow in F ), whereas filaments in axons were not tau positive and had side arms characteristic of NFs (arrowhead in F ). Scale bars: A, B, 2 m; C, D, 1 m; E, F, 500 nm.
sions, very mild myelin disruption, and mild motor weakness relative to the PL Tg mice when mice with similar tau expression levels were compared. Thus, tau gene mutations cause a robust acceleration of pathological changes as reported here and in previous studies (Lewis et al., 2000; Tanemura el al., 2002; . However, the amount of Tg tau expressed in OLGs is conceivably a major determinant of the CNS degeneration, at least in these tau Tg mice, because the formation of tau fibrils and the associated degeneration occurred most prominently in Tg mice with the highest expression levels of PL tau. Line 6 PL tau Tg mice, which expressed Tg tau at the lowest level, did not develop OLG tau inclusions, although they did so when they were crossbred with OLG-directed ␣-synuclein Tg mice (Giasson et al., 2003) , thereby implying that cofactors such as ␣-synuclein, when expressed in OLG, can lower the threshold at which tau pathologies form in OLGs.
Tau gene mutations, including the P301L mutation, have been shown to reduce the ability of tau to bind and stabilize MTs in the polymerized state in vitro, as well as augment the self-aggregation of tau into fibrils (for review, see Lee et al., 2001; Higuchi et al., 2002b) . Diminished binding of PL tau to MTs increases free tau in the cytosol that is not bound to MTs, and high concentrations of cytosolic tau can enhance tau aggregation. Increased phosphotau can be observed in the PL Tg mice, but it remains to be determined whether tau phosphorylation occurs before aggregation and thereby enhances the polymerization of tau, or whether this occurs after tau has already assembled into fibrils (Goedert et al., 1996; Schneider et al., 1999; Geschwind, 2003) . However, because tau phosphorylation negatively regulates the binding of tau to MTs (Drechsel et al., 1992; Biernat et al., 1993; Bramblett et al., 1993) , this increase in the levels of free tau not bound to MTs may also facilitate tau fibrillization.
Indeed, loss of stable MTs with attendant impairments of intracellular transport in OLGs may explain the altered distribution of kinesin that we observed in OLGs of PL tau Tg mice because kinesin binds to stable detyrosinated MTs with higher affinity than to tyrosinated MTs (Liao and Gundersen, 1998) . However, it also has been speculated that excess binding of tau to MTs might block the association of kinesin with MTs and its translocation (Ebneth et al., 1998; Trinczek et al., 1999; Stamer et al., 2002) . Other evidence to support the redistribution of kinesin comes from recent studies of tau-transfected cultured astrocytes wherein there was a tight association of elevated tau level and decreased detyrosinated MTs with an altered distribution of kinesin (Yoshiyama et al., 2003) . Thus, it is likely that free tau that is increased by the PL mutation reduces detyrosinated MTs and consequently induces decline in the attachment of kinesin to MTs.
The present study has also provided insights into the temporal relationship between tau aggregate formation, glial and neuronal degeneration, and defects in axonal transport. Whereas the formation of thioflavin-S-positive tau amyloid in OLGs can only be observed in late stages (Ͼ12 months of age), impairments in axonal transport and a reduction in NFs can be detected in 4-to 6-month-old PL mice. Concomitant with the latter changes, insoluble PL tau that can be extracted by formic acid is already present at this stage. Therefore, the accumulation of this pool of insoluble tau might be responsible for the earlier changes observed here. However, the nature of the insoluble tau is unclear, although EM analyses identified tau fibrils in OLGs that are not stained by Gallyas or thioflavin-S at 6 -9 months. Other explanations include the presence of tau oligomers, but this is highly unlikely in view of the very insoluble nature of this pool of tau.
The analyses of our CNP-tau mice also provided insights into the molecular machinery governing alterations of axon-OLG interrelationships in age-associated neurodegenerative disorders. Although several different mouse models of myelin-related disorders have been established, most of these animal models develop early onset degeneration. Thus, it is unclear whether the (C, D) mice. In contrast to diffuse tau immunoreactivity in WT OLGs, strong tau staining is seen in specific CNP-positive OLGs of the PL Tg mouse. CNP staining in myelin and tau staining in axons were moderately diminished in the PL Tg mouse compared with the WT mouse. E-G, Immunoblotting for optic nerve samples with antibodies against phosphorylated NFH (NFH pϩϩ), NFM, NFL, ␣-tubulin (␣-tub) (E), and endogenous mouse tau (F ), and quantification of the blots (n ϭ 4 in each group) (G). Substantial reduction of NFH and NFM occurred in the line 2 and line 12 PL Tg mice at 4 months of age (E and top and middle panels in G). The 12-month-old PL Tg mice also showed slight decrease in the amounts of NFL and ␣-tubulin. There were no remarkable differences in the levels of lowmolecular-weight tau isoforms ranging from 50 to 70 kDa (indicated by arrows) between the WT and PL Tg mice, whereas middle-molecular-weight tau (ϳ100 kDa, indicated by an asterisk) in the PL Tg mice was pronouncedly reduced relative to the WT mice (F and bottom panel in G). *p Ͻ 0.05 by multiple comparison by ANOVA. Scale bar: A-D, 50 m.
phenotypes reflect aberrant neurodevelopment rather than neurodegenerative processes (Griffiths et al., 1998; Brady et al., 1999; Lappe-Siefke et al., 2003) . The Tg PL tau in the mice investigated here had no overt abnormalities in myelination and axonal growth during development. Hence, the onset of disease in fully mature PL tau Tg mice undoubtedly reflects neurodegenerative processes induced by the formation of potentially cytotoxic tau aggregates and filaments with aging. Therefore, these Tg mice are highly suitable in vivo models of OLG degeneration with verisimilitude to authentic human FTD tauopathies. Interestingly, the myelin and axonal pathologies observed in the PL Tg mice are distinct from those observed in previously reported mouse models of primary myelin diseases (Griffiths et al., 1998; Brady et al., 1999; Kirkpatrick et al., 2001; Lappe-Siefke et al., 2003) , thereby suggesting that there are multiple molecular pathways leading to glial induced neuronal degeneration.
Thus, the PL Tg mice define a novel category of pathological alterations in axon-OLG interactions leading to disease because these mice develop axonal transport deficits before substantial myelin loss. Because abnormal tau filaments are formed in the OLG processes, these filaments may perturb the functions of CNP (Braun et al., 1988; Trapp et al., 1988) , and this could impair axonal transport rates without visible demyelination in young PL tau Tg mice. Subsequently, disorganization of compact myelin sheaths also occurs conceivably as a consequence of global OLG degeneration induced by filamentous tau inclusions, and this could give rise to axonal dysfunction and loss. Although the mechanisms linking myelin-axon communication and axonal transport deficits remain to be elucidated, comparison of axonal cytoskeletal alterations in the PL mice and shiverer mice, which show increased slow axonal transport rates (Brady et al., 1999; Kirkpatrick et al., 2001) , may facilitate the elucidation of mechanisms underlying axonal transport deficits in neurodegenerative disease. Furthermore, our observation on perturbed axonal transport before substantial structural alterations of myelin is consistent with previous investigations using the myelin proteolipid protein null mice (Edgar et al., 2004) . Analyses of these and other mouse models could shed light on molecular signals transmitted from OLG to the axons for regulating axonal functions. These speculations notwithstanding, the PL tau Tg mouse reported here provide Figure 6 . Impaired axonal transport in the optic nerves of the PL Tg mice before ultrastructural disruption of myelin and axons. A-F, TEM of the optic nerve sections of line 12 PL mice at 6 (A) and 9 (B, C) months of age, WT mice at 6 (D) and 9 (E) months, and line 39 hWT tau Tg mouse at 9 months (F ). The 6-month-old PL tau Tg mouse exhibited relatively normal myelin sheaths and axons morphologically (A), whereas there were marked losses of these structures and expansion of interstitial space in the 9-month-old PL Tg mice (B). Severe disorganization of myelin and axonal atrophy are also shown in a high-power view (C). The WT and hWT Tg mice did not develop overt pathologies until 9 months of age (D-F ). G-L, Quantitative assays of fast (G, I, J ) and slow (H, K, L) axonal transport in the optic nerve. SDS-PAGE of protein samples from optic nerve segments indicates significant retardation of fast axonal transport in 6-month-old line 12 PL Tg mice compared with age-matched WT mice (G, I ). This deficit became greater at 9 months of age (J ). The arrow in G identifies a major protein band undergoing fast axonal transport and is used here as a marker for the quantification of fast transport. Slow axonal transport of proteins such as tubulin and NFL (corresponding bands are indicated in H ) were also significantly slower in the 6-month-old PL Tg mice relative to the WT mice (K, L). Error bars in I-L represent SE (n ϭ 3 in each group). *p Ͻ 0.05 by t test. Scale bars: A, B, D-F, 2 m; C, 1 m.
experimental systems for elucidating glialinduced neurodegeneration in human FTD tauopathies characterized by prominent OLG tau pathologies, and this may lead to better therapies to treat these disorders. Figure 7 . Weight loss and progressive motor deficits in the PL Tg mice. A, Weights of different lines of PL and hWT Tg mice at 12 months of age. Values are normalized by the mean body weight of the WT mice at the same age. Homozygotes of the line 7 PL Tg mice are not included, because most of them did not survive until this age. n ϭ 6 in each group. B, Frequency of limb twitching in tail suspension test. Although the hWT Tg mice (left) showed this pathologic motor phenotype at a frequency that was higher than that of WT mice reported previously (Higuchi et al., 2002a) , the frequency was further augmented in the PL mice (right). The emergence of limb twitching was approximately proportional to the dosage of the transgenes in both of the hWT and PL Tg mice. Figure 8 . Oligodendrocytic tau accumulation and disruption of myelin sheaths in patients with FTD. A, Frozen section of the frontal white matter from a PSP patient immunolabeled with antibodies against CNP (green) and tau (PHF1, red) and counterstained with DAPI (blue). Myelin sheaths that were connected to a phospho-tau-immunoreactive OLG showed marked disorganization (arrows), although a large portion of myelin appeared intact (arrowhead). B, C, Paraffin sections of the frontal white matter from an FTD patient stained with PHF1 (B) and Luxol fast blue (C). Tau-positive inclusions were frequently found in putative OLGs (B). Round, well bordered deposits were localized to the cytoplasm of OLG as revealed in high-power photomicrograph (inset in B). Severe loss of myelin was also observed in the same region (C). Scale bars: A, inset in B, 15 m; B, 25 m; C, 100 m.
